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Abstract
Background: Liver transplantation involves a period of ischemia and reperfusion to the graft which leads
to primary non-function and dysfunction of the liver in 5–10% of cases. Remote ischemic preconditioning
(RIPC) has been shown to reduce ischemia reperfusion injury (IRI) injury to the liver and increase hepatic
blood flow. We hypothesized that RIPC may directly modulate hepatic microcirculation and have inves-
tigated this using intravital microscopy.
Methods: A rat model of liver IRI was used with 45 min of partial hepatic ischemia (70%) followed by 3 h
of reperfusion. Four groups of animals (Sham, IRI, RIPC+IRI, RIPC+Sham) were studied (n = 6, each
group). Intravital microscopy was used to measure red blood cell (RBC) velocity, sinusoidal perfusion,
sinusoidal flow and sinusoidal diameter. Neutrophil adhesion was assessed by rhodamine labeling of
neutrophils and cell death using propidium iodide.
Results: RIPC reduced the effects of IRI by significantly increasing red blood cell velocity, sinusoidal flow
and sinusoidal perfusion along with decreased neutrophil adhesion and cell death.
Conclusions: Using intravital microscopy, this study demonstrates that RIPC modulates hepatic micro-
circulation to reduce the effects of IRI. HO-1 may have a key role in the modulation of hepatic micro-
circulation and endothelial function.
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Introduction
Liver transplantation involves a period of cold and warm ischemia
followed by reperfusion which initiates an inflammatory cascade
resulting in organ non-function and dysfunction.1–3 This is
referred to as ischemia reperfusion injury (IRI).
IRI remains a major concern in liver surgery and transplanta-
tion as the incidence of primary non-function is 5–10% in liver
transplantation and the problem is aggravated in fatty livers. The
success and expansion of liver transplantation has resulted in a
shortage of organ donors and the use of marginal grafts including
steatotic livers. Preconditioning is an adaptive response which
helps reduce the severity of IRI in an experimental setting and has
the potential of increasing the donor pool by increasing tolerance
of marginally fatty livers to IRI. Ischemic preconditioning (IPC)
involves the interruption of blood flow to the liver for brief
periods followed by reperfusion. Nitric oxide (NO)/adenosine
release has been shown to regulate endothelial function and
increase blood flow to the liver.4–8 However, direct IPC produces
trauma to major vessels and direct stress to the target organ.
Remote ischemic preconditioning (RIPC) is a novel method
which entails brief periods of ischemia followed by reperfusion of
one organ and results in protection of remote organs from
ischemia without direct stress or trauma to blood vessels. It is
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presumed that remote preconditioning acts by release of bio-
chemical messengers into the circulation or by activation of nerve
pathways which confer protection on the remote organ. Studies
have been carried out to show the benefit to the heart, lung and
kidney after brief ischemia in the mesentery,9–12 limb13–20 and
kidney.
Previous studies (Menger et al.)21using intravital microscopy
have shown that the hepatic microcirculation is a major
target of hepatic IRI. Microvascular injury precedes parenchymal
injury and is as a result of hypoxia secondary to lack of
microvascular perfusion (no-reflow) and reperfusion-associated
inflammatory response which includes activation of kupffer cells
and neutrophils (reflow – paradox). No reflow in sinusoids is
because of endothelial swelling and intravascular hemoconcen-
tration. Reperfusion is associated with release of proinflamma-
tory cytokines, oxygen radicals, up-regulation of endothelial and
leukocyte adhesion molecules and interaction of leukocytes with
endothelial lining of the hepatic microvasculature. Hepatic IR
induces neutrophil adhesion in sinusoids and post-sinusoidal
venules.22,23
Kanoria et al. demonstrated improved liver function using
RIPC in hepatic IRI and increased hepatic blood flow by ICG
and laser Doppler flow measurements.13 Lai et al. demonstrated
improved liver function and the role of hemoxygenase in hepatic
protection.24 Gustaffson demonstrated protection of hepatic
function by remote preconditioning.25 None of these studies
addressed the in vivo microcirculatory changes seen in hepatic
IR and the effect of RIPC on hepatic IR. We focused our study
on the hepatic microcirculatory changes in hepatic IR and the
modulation of the hepatic microcirculation by RIPC. We
hypothesized that RIPC directly modulates hepatic microcircu-
lation in IR injury and applied intravital microscopy to investi-
gate the effects of RIPC.
Material and methods
Animals and surgical procedures
All experiments were conducted under a project license from the
UK home office in accordance with the Animals’ Scientific proce-
dures act 1986. Male Sprague–Dawley rats, weighing 250–300 g,
were used. Animals were kept in a temperature-controlled envi-
ronment with a 12 h light/dark cycle and allowed tap water as well
as standard rat chew pellets ad libitium. Animals were anesthe-
tized with 4 l/min of isoflurane (Baxter, Norfolk, UK) and main-
tained with 1–1.5 l/min of O2 and 0.5–1.0% isoflurane. They were
allowed to breathe spontaneously through a concentric mask con-
nected to an oxygen regulator and monitored with a pulse oxime-
ter (Ohmeda biox 3740 pulse oximeter; Ohmeda, Louisville, KY,
USA).
Polyethylene catheters (0.76-mm inner diameter; Portex, Kent,
UK) were inserted into the right carotid artery for monitoring of
mean arterial blood pressure and the left jugular vein (0.40-mm
inner diameter; Portex) for administering normal saline (1 ml/
100 g/h body weight to compensate for intra-operative fluid
loss). The animals were placed in a supine position on a heating
mat (Harvard apparatus Ltd., Kent, UK) to maintain their
temperature.
Animal model
Hepatic I/R
A standard model of lobar hepatic ischemia of the left lateral and
median lobes (70% of liver) was used.26 Laparotomy was carried
out through a midline incision. The ligamentous attachments of
the liver were cut and the liver was exposed. Ischemia was induced
by clamping the corresponding vascular pedicle with an atrau-
matic microvascular clamp. This model avoids splanchnic conges-
tion. Hepatic ischemia was for a period of 45 min followed by 3 h
of reperfusion.All animals were given a bolus of heparin [20 U/kg,
intravenously (i.v.)] prior to clamping to prevent hepatic artery
thrombosis.
Limb preconditioning
The technique of remote ischemic preconditioning involved a
hind limb tourniquet, which was applied around the thigh. Limb
perfusion was monitored by a laser Doppler (Moor instruments,
Surrey, UK); the tourniquet around the limb was tightened
until no flow was detected. The procedure involved 5 min of
ischemia followed by 5 min of reperfusion. This was repeated
four times.27
Tissue and blood collection
After 3 h of reperfusion, the animals were killed by exsanguination
and blood was collected in a BD vacutainer tube SSTmII advance
5.0 ml tubes for Serum, BD vacutainer tube LH 102 I.U> (6 ml)
for citrated plasma and BD vacutainer K 2E 7.2 mg (4 ml) for
ethylenediaminetetraacetic acid (EDTA) plasma and centrifuged
at 1500 g for 10 min to sediment the red blood cells (RBC). Serum
and plasma samples were snap frozen in liquid nitrogen and sub-
sequently stored at -80°C. Liver tissue was also snap frozen and
stored at -80°C. Tissues were also fixed in 10% formalin and
stored for histology.
Experimental groups (n = 6 in each group)
Four groups of animals were studied. Group one (Sham) in
which animals were subjected to laparotomy only and under-
went an identical experimental protocol without clamping. In
group two (IRI) the animals were subjected to 45 min of liver
ischemia followed by 3 hours of reperfusion. Ischemia was
induced by a microvascular clamp applied across the vascular
pedicle supplying the left and median lobes of the liver (70%
ischemia). Group three were preconditioned immediately prior
to the IRI (RIPC+IRI) group as shown in Fig. 1. In group four
(RIPC+Sham) preconditioning was done in the Sham group.
Standard protocols for preconditioning and inducing ischemia
as described above were used.
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Intravital videofluorescence microscopy
The animals were maintained under anesthesia with isoflurane
and oxygen .Their temperature was maintained by a warming mat
(which was regulated by a thermostat).
The liver was exposed, placed upon a glass mount and covered
with a cover slip. The liver was continuously irrigated with normal
saline. A drop of saline was placed on the cover slip and the tip of
the microscope lens was immersed in the saline drop.
A Nikon (Tokyo, Japan) microscope (Nikon epi-illumination
system with filter block set suitable for Texas Red, FITC and DAPI
dyes) coupled to a CCD camera [JVC TK-C1360b (Osaka, Japan)
colour video camera] was used. The power of magnification was
10¥ and 40¥. The microscopy images were recorded for offline
analysis. Quantitative assessment of microcirculatory parameters
was performed both during the experiment and offline using
frame-by-frame analysis of the recorded images.
Microcirculation was assessed by evaluating acinar perfusion
in 10 randomly chosen acini and leukocyte endothelial interac-
tion in 10 post-sinusoidal venules.21,22,23,28 LUCIA (lab universal
computer image analysis; Nikon) software was used to analyze
the images.
RBC velocity (V)
FITC (Fluoroisothyocyanate; Sigma-Aldrich, Dorset, UK) labeled
red cells were prepared from rat blood suspended in glucose
saline buffer solution (20 mg FITC/ml of RBC).29 Labeled RBCs
(0.5 ml) were administered i.v. to assess the velocity of RBC flow.
Ten randomly chosen non-overlapping rappaport acini were
assessed at each time point and the mean value was calculated.
The RBC velocity was calculated by assessing the distance of
RBC movement (microns) in each sinusoid in subsequent
frames. Twenty-five frames were captured per second. The veloc-
ity was calculated using the formula = D ¥ 25/number of frames
moved.
Sinusoidal perfusion and perfusion index (PI)
The sinusoidal perfusion index was calculated as the ratio of per-
fused hepatic sinusoids. Continuous perfusion has been described
as continuous flow of red cells through hepatic sinusoids for at
least 1 min. Intermittent perfusion has been described as occa-
sional flow of RBCs in sinusoids. Perfusion index = (Scp + Sip/
Scp+Sip+Snp). [Continuous perfusion (Scp) + intermittent
perfusion (Sip) to the total visible sinusoids which includes non
perfused sinusoids (Snp)].22
Sinusoidal diameter (D)
Sinusoidal diameter was assessed by measuring the length across
10 randomly chosen hepatic sinusoids at 30, 60, 120 and 180 min
of reperfusion and the mean value was expressed in microns.
Sinusoidal blood flow
The sinusoidal blood flow was calculated using the formula: (V)
¥22/7¥ (D/2)2.
V = Velocity, D = diameter.
Neutrophil adhesion
Rhodamine 6 G (0.3 mg/kg; Sigma)30 was given i.v. after 180 min
of reperfusion to assess neutrophil adhesion. The numbers of
leukocytes adherent to the sinusoidal endothelium and venular
endothelium were counted as those stationary for a period of 30 s
under green filter light and expressed as leukocytes/mm2. The area
Figure 1 Changes in blood pressure
seen in hepatic ischemia reperfusion (IR)
and effect of preconditioning. Both IR
and (RIPC)+IR show a similar fall in blood
pressure; however, RIPC prior to IR
rapidly restores blood pressure to base-
line compared with IR only. Values
expressed as mean + SEM. P < 0.05
Blood pressure changes in hepatic IR and RIPC
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of the vessels was calculated using the product of diameter and
length assuming cylindrical geometry (3.14 ¥ D ¥ L).
Cell death
Hepatocellular death was assessed by i.v. injection of Propidium
iodide (0.05 mg/kg i.v.)31 at 180 min of reperfusion prior to
termination of the animal. The numbers of nuclei stained with the
dye per high power field were counted. Ten randomly chosen high
power fields were assessed.
Histology
At the end of the experiment, liver tissue was fixed in 10% forma-
lin and embedded in paraffin in preparation for light microscopy
analysis. Sections were cut at 5m and stained with hematoxylin and
eosin (H&E) for histological analysis. The histologic changes in
the routine (H&E) stained sections were graded using the modi-
fied Suzuki’s criteria.32 In this classification system, sinusoidal
congestion, hepatocyte necrosis and hepatocyte vacuolation were
graded on a score of 0–4. No changes were scored as 0 whereas
severe congestion, extensive vacuolation and greater than 60% of
lobular necrosis was awarded a score of 4.
Numerical
assessment
0 1 2 3 4
Sinusoidal
congestion
None Minimal Mild Moderate Severe
Vacuolation None Minimal Mild Moderate Severe
Necrosis None Single cell 30% 60% >60%
Statistical analysis
All data are presented as mean and standard error of the mean
(SEM). Differences were considered significant for P < 0.05. Com-
parisons between groups were performed using one-way analysis
(anova). Bonferroni’s correction was applied for anova.
Results
Hemodynamic parameters
Blood pressure (MAP)
There was no significant difference in the sham group between
baseline and 180 min demonstrating a hemodynamically stable
model. The blood pressure reduced transiently in the IR and
RIPC+IR groups but this was insignificant. However, the recovery
to baseline was more rapid in the RIPC group (Fig. 1).
Pulse rate
No significant difference was seen between the groups.
Oxygen saturations
The fall in saturations in both the IR group and RIPC+IR group
was not statistically significant.
Hepatocellular injury (liver function tests)
After 180 min of reperfusion, the difference between the Sham
and IRI groups was statistically significant (P < 0.05). Precondi-
tioning prior to IRI reduced serum transaminase levels although
the difference was not statistically significant. Preconditioning
in Sham animals did not show any significant elevation in
transaminases.
IR RIPC+IR Sham RIPC+
Sham
ALT (IU/ml) 2079  322.3 1398  460.8 118  22.37 132  25.49
Histologic investigation
Histology of the liver tissue revealed that IR injury produced
significant periportal congestion in association with severe necro-
sis in zones 2 and 3 and also sub capsular necrosis. The changes
were diffuse. RIPC+IR showed less necrosis and damage com-
pared with the IR group. Sham animals revealed minimal changes.
Congestion was present in both portal vein and central veins.
Hepatocytes showed vacuolation. RIPC+Sham animals showed
minimal changes, some vacuolation, but no necrosis, similar to
the Sham group (Fig. 2)
Histological scoring table
IR RIPC+IR Sham RIPC+Sham
Suzuki score 8.83  0.7 6.2  0.58 4  0.31 1.5  0.34
Sham
(a) (b)
RIPC+Sham
IR Injury. RIPC+IR
(c) (d)
Figure 2 Histology (a) remote ischemic preconditioning+ischemia
reperfusion (RIPC+IR): the hematoxylin and eosin (H&E) section
shows sinusoidal congestion, some hepatocyte vacuolation but no
significant necrosis. (b) IR: the H&E section shows large areas of
necrosis and sinusoidal congestion, normal residual hepatocytes
noted at bottom of the frame. (c) Sham: the H&E section reveals no
significant damage. (d) RIPC+Sham: the H&E section reveals a con-
gested central vein but no other significant change
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The Suzuki score was significantly reduced in the preconditioned
group compared with the IR group (P < 0.001).
Intravital microscopy results
Intravital microscopy demonstrated significant changes
to the hepatic microcirculation after IR and modification by
RIPC.
Velocity of RBC flow
The mean RBC velocity in the Sham group was constant through-
out the time of observation. IRI led to decreased RBC velocity
whereas preconditioning significantly increased RBC velocity
(Fig. 3a).
Sinusoidal blood flow
The sinusoidal blood flowwas significantly better in the RIPC+IRI
group compared with the IRI group (Fig. 3b).
Diameter of sinusoids
The mean diameter showed no significant difference between the
RIPC+IR group and the IR group. The difference between the
Sham and RIPC+IR and between the Sham and IRI groups was
not statistically significant.
Perfusion of sinusoids
Preconditioning significantly improved sinusoidal perfusion
being significantly high compared with the IRI group. These data
show no significant difference between RIPC+ IRI and Sham
groups at all time points (Fig. 4).
Neutrophil adhesion
The number of adherent neutrophils was significantly lower in the
RIPC+IRI group as compared with the IR group and similar to the
Sham group. In the sinusoidal bed, neutrophil adhesion was sig-
nificantly reduced in the preconditioned group as compared with
the IR group (Figs 5a,b,6).
Hepatocellular death
No significant difference was found between the Sham and RIPC
groups but both had a significantly lower number of apoptotic
cells compared with IRI (Fig. 7).
Discussion
New findings
This study demonstrates that RIPC modulates microcirculatory
disturbances in hepatic IR leading to increased RBC velocity,
sinusoidal perfusion, decreased sinusoidal and venular neutro-
phil adhesion, improved hepatic microcirculation and de-
creased hepatocyte cell death. This is the first in vivo study to
Figure 3 (a) Velocity of red blood cell
(RBC) flow in Sham animals remained
unchanged throughout 180 min of obser-
vation, although there was a significant
increase in velocity in preconditioned
animals prior to ischemia reperfusion
injury (RIPC+IRI) as compared with IRI at
30, 60 and 120 min of reperfusion.
Values expressed as mean  SEM. *P <
0.05 (RIPC+IR/IR). **P < 0.05 (RIPC+IR/
Sham)., P < 0.05 (Sham/IR). +, P < 0.05
(Sham/RIPC+Sham). (b) Sinusoidal flow:
V ¥ (D/2)2 ¥ p = V is velocity of RBC, D is
sinusoidal diameter. There was a signifi-
cantly better flow in preconditioned
animals (RIPC+IRI) as compared with
non-preconditioned (IR). Values
expressed as mean  SEM. *P < 0.05
(RIPC+IR/IR). **P < 0.05 (RIPC+IR/
Sham). , P < 0.05 (Sham/IR)
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demonstrate microcirculatory effects of RIPC in hepatic IR by
intravital microscopy and suggest that improvement of
hepatic microcirculation is a key mechanism responsible for
hepatic protection by RIPC in IRI. Recently RIPC has been
shown to modulate pancreatic microcirculation and reduce pan-
creatic IRI.33
Adequacy of model
The experimental model used is a previously well-described
hepatic lobar ischemia model of warm IR. In the model 45 min of
partial ischemia (70% of the liver) was induced followed by 3 h of
reperfusion.26 Intravital microscopy has shown that IRI signifi-
cantly reduced velocity of flow and perfusion as compared with
Sham animals. Therefore the model was considered suitable to
study the effects of RIPC.As this study was limited to investigating
the effects of warm IR and the effects of RIPC in warm IR, a partial
hepatic IR model was chosen as against a transplant model. RIPC
was produced using a tourniquet around the hind limb for four
cycles of 5-min ischemia followed by reperfusion. This technique
of RIPC has previously been used in themodulation of cardiac IRI
after transplantation.25 Three or more cycles of preconditioning
have been shown to be more effective than a single cycle in pre-
vious experimental studies27,34,35 and this formed the basis for four
cycles of RIPC used in the current study.
Figure 4 Sinusoidal perfusion index (PI):
the PI remains unchanged in Sham
animals throughout 180 min of observa-
tion. The PI in remote preconditioned
animals (RIPC+IRI) is significantly higher
than non-preconditioned animals (IRI).
The PI in RIPC+IR is not different from
Sham. Values expressed as mean 
SEM. *P < 0.05
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Figure 5 (a) Neutrophils stained using
rhodamine are seen adherent to post-
sinusoidal venular endothelium. The
number of adherent neutrophils divided
by the area of endothelial surface (p ¥ D
¥ L) gives the number of neutrophils/
mm2. D, sinusoidal diameter, L, length of
segment along adherent neutrophils. (b)
Significantly reduced venular neutrophil
adhesion in the preconditioned
(RIPC+IRI) group compared with the
non-preconditioned group (IRI). Values
expressed as mean  SEM. *P < 0.05
(IR/RIPC+IR), **P < 0.05 (IR/Sham), , P
< 0.05 (IR/RIPC+Sham)
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Systemic hemodynamics
Shams were hemodynamically stable throughout the course of the
experiments. Limb preconditioning in Sham animals caused a
transient insignificant fall in blood pressure during precondition-
ing with rapid recovery to baseline levels suggesting no major
effects of Sham laparotomy, anesthesia or RIPC alone. A transient
fall in blood pressure and oxygen saturations associated with
onset of reperfusion was seen in both the IR and RIPC+IR groups.
However, recovery of blood pressure to normal levels was rapid in
the RIPC+IR group as compared with the IR group only. These
observations have been observed in preconditioning models of
lung IRI.36,37 Kanoria et al. have demonstrated a fall in blood pres-
sure after hepatic IR in a rabbit model and rapid recovery of blood
pressure in the group which was preconditioned.13
Histologic findings and limitations of the scoring
system
The RIPC+IR group showed less necrosis, vacuolation and con-
gestion compared with the IR group and objective scoring showed
a significantly lower score. However, it was difficult to arrive at an
objective score if the changes noted were focal/patchy. There were
several sections with only sub capsular infarction/necrosis.
Scoring these sections were difficult using the criteria.
Hepatic microcirculatory changes
Sham
The Sham group showed constant velocity, flow and perfusion
over the 180 min of observation. This suggests a stable model for
the study.
Figure 6 Significantly reduced sinusoidal
neutrophil adhesion in the precondi-
tioned group (RIPC+IRI) compared with
non-preconditioned group (IRI). Values
expressed as mean  SEM. *P < 0.05
(IR/RIPC+IR), **P < 0.05 (IR/Sham), , P
< 0.05 (IR/RIPC+Sham)
Sinusoidal neutrophil adhesion in IR and effect of
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Figure 7 (a) Hepatocellular cell death in
ischemia reperfusion injury (IRI) using
propidium iodide staining (IVM). The
dead cells appear pink stained by pro-
pidium iodide. The number of cells
divided by the surface area of the field
above gives the number of cells/mm2.
(b) Hepatocellular cell death seen in
remote ischemic preconditioning (RIPC)+
IR using IVM. (c) Hepatocellular cell
death in the preconditioned group
(RIPC+IRI) was significantly less com-
pared with the non-preconditioned (IRI)
group. Values expressed as mean 
SEM. *P < 0.05 (IR/RIPC+IR), **P < 0.05
(IR/Sham), , P < 0.05 (IR/RIPC+Sham)
Hepatocellular death  as seen using propidium
iodide staining.
0
20
40
60
80
100
(c)
(a) (b)
Animal groups
N
u
m
b
er
 o
f 
ap
o
p
to
ti
c 
ce
ll
s/
H
P
F IRI
RIPC+IR
Sham
RIPC+sham* ** 
114 HPB
HPB 2009, 11, 108–117 © 2009 International Hepato-Pancreato-Biliary Association
Effects of IRI on hepatic microcirculation
Our study shows a significant fall in sinusoidal perfusion and
velocity of flow in the IRI group which was observed at all time
points. Increased venular neutrophil adhesion, hepatocyte cell
death, sinusoidal neutrophil stasis in the IR group with
significantly increased serum transaminase levels in IRI and a
significantly lower perfusion index compared with Sham animals
were observed. Leukocyte adhesion causes endothelial injury, RBC
stasis, modulation of sinusoidal tone and perfusion in hepatic
IR.22,23 Mechanisms which contribute to failure of perfusion
include endothelial swelling and injury, leukocyte endothelial
interaction, leukostasis, alteration in RBC flow and increased vis-
cosity of blood.22,23,38–40 Both Perfusion failure and venular adhe-
sion have been shown to correlate with hepatic dysfunction,
reduced bile flow and increased transaminases.39 These studies
support our observations in the hepatic IR model in this study.
Reduced RBC velocity seen in hepatic IR in our study is explained
by previous studies which suggest that free radical release during
IRI leads to erythrocyte damage, increased deformity and
sluggishness of RBC causing reduced RBC velocity, erythrocyte
flux and increased viscosity of blood.39
Effects of RIPC on hepatic microcirculation in IRI
This study demonstrates that RIPC increases RBC velocity and
erythrocyte flux across sinusoids, significantly reduced hepato-
cyte cell death, increased sinusoidal perfusion and sinusoidal
flow as compared with the IR group. The serum transaminase
levels in the RIPC+IR group were lower than IRI. These obser-
vations suggest an improvement in liver function in the
RIPC+IR group as compared with IR group. Interestingly there
is a significant initial rise in RBC velocity and flow in the
RIPC+IR group as compared with Sham and IR although the
initial velocities in Sham and IR are not significantly different.
However, at 120-min reperfusion a significant drop in velocity is
seen in the IR group as compared with Sham whereas the veloc-
ity in RIPC+IR is similar to the Sham group. These observations
suggest that the initial rise in baseline velocity in the RIPC+IR
group acts as a protective mechanism against the deleterious
effects of IR and prevents a fall in velocity and sinusoidal per-
fusion below Sham values as reperfusion injury progresses over a
period of time. The initial molecular pathway responsible for the
increased baseline velocity is unclear but it is likely to be induced
by RIPC in the hepatic ischemia period itself as the velocity of
flow is seen to be high at 30 min of reperfusion.
A significant reduction in both venular neutrophil adhesion
and sinusoidal adhesion implies modulation of neutrophil acti-
vation by RIPC leading to decreased oxidative stress, IRI and
perfusion failure. Previous studies41 have shown ischemic pre-
conditioning to reduce hepatic IR-induced perfusion failure and
preservation of mitochondrial redox state but none have dem-
onstrated the role of RIPC in hepatic IR. Studies have shown
that reduction in RBC velocity occurs because of leukocyte
adhesion, endothelial injury and perfusion impairment (no
reflow phenomenon) and increased RBC damage as a result of
free radical release during IR. The observations in our study
suggest that RIPC modulates hepatic microcirculation and may
induce protective mechanisms which protect RBC against free
radical induced damage; however, this needs to be investigated
further.
Effects of RIPC on sham
Remote ischemic preconditioning in the normal Sham group
showed a reduced RBC velocity and sinusoidal flow at 120 min as
compared with 30 min and recovery to baseline at 180 min. This
change in velocity was not statistically significant. This maybe as a
result of initial preconditioning induced oxidative stress followed
by development of a tolerance to the low-grade oxidative stress.
This observation is supported by Chen et al.20 who demonstrated
that limb RIPC produced an increase in free radical levels in the
blood of preconditioned animals which served as a trigger to
induce heat shock protein expression in remote skeletal tissues
and confer protection against skeletal IR. In comparison with the
Sham group, the velocity of flow and sinusoidal flow in RIPC+
Sham was less at 120 min and 180 min as a result of low-grade
oxidative stress induced in a normal liver.
Potential pathway and mechanisms in remote
ischemic preconditioning of the liver
Studies have shown RIPC-induced NO in the heart to reduce
myocardial IRI which was not abolished by neurogenic blockade,19
increase in plasma free radicals after brief limb RIPC which
induced heat shock proteins in remote skeletal muscle20 and
increased hemoxygenase (HO-1) in hepatic macrophages after
limb preconditioning the source of which was not peripheral lym-
phocytes.24 These data suggest that brief limb ischemia leads to
release of biochemical messengers such as free radicals in the
blood which may induce oxidative stress in the remote organ and
HO-1 expression. HO-1 is known to promote degradation of
hem, increase CO production and scavenge free radicals resulting
in improved hepatic function. In vivo studies of the liver have
shown cells, which are hepatic sinusoid-associated pericytes pri-
marily responsible for CO-mediated blood flow regulation in
sinusoids.42,43 The role of free radicals as messengers in inducing
HO-1 in the liver, the pathway for HO-1 induction in the liver
after brief limb ischemia and the role of HO-1 in modulation of
hepatic microcirculation and endothelial function needs to be
investigated further. The findings in this study suggest decreased
neutrophil activation, decreased endothelial adhesion and injury
resulting in improved perfusion and flow in the hepatic microcir-
culation. These data suggest that RIPC may induce a decrease
in endothelial adhesion molecule expression through HO-1.
HO-1 is known to reduce endothelial ICAM expression30,42,44 and
this needs further investigation in animal models of remote
ischemic preconditioning.
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Conclusion
RIPC protects the liver from IRI by modulation of the hepatic
microcirculation. Our study using intravital microscopy demon-
strates that increased hepatic blood flow after RIPC is as a result of
increased RBC velocity, sinusoidal perfusion and decreased neu-
trophil adhesion and cell death. Future animal studies need to
focus on the role of RIPC in animal transplant models and the use
of HO-1 knockout models to clarify the role of HO-1 pathways in
the regulation of endothelial function. Clinical trials need to
investigate the role of RIPC in reducing morbidity and mortality
in patients undergoing liver transplant and resection surgery.
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